We utilize the HSC CAMIRA cluster catalog and the photo-z galaxy catalog constructed in the HSC wide field (S16A), covering ∼ 174 deg 2 , to study the star formation activity of galaxies in different environments over 0.2 < z < 1.1. We probe galaxies down to i ∼ 26, corresponding to a stellar mass limit of log 10 (M * /M ⊙ ) ∼ 8.2 and ∼ 8.6 for star-forming and quiescent populations, respectively, at z ∼ 0.2. The existence of the red sequence for low stellar mass galaxies in clusters suggests that the environmental quenching persists to halt the star formation in the low-mass regime. In addition, star-forming galaxies in groups or clusters are systematically biased toward lower values of specific star formation rate by 0.1 -0.3 dex with respect to those in the field and the offsets shows no strong redshift evolution over our redshift range, implying a universal slow quenching mechanism acting in the dense environments since z ∼ 1.1. Moreover, the environmental quenching dominates the mass quenching in low mass galaxies, and the quenching dominance reverses in high mass ones. The transition mass is greater in clusters than in groups, indicating that the environmental quenching is more effective for massive galaxies in clusters compared to groups.
Introduction
It is well established that clusters at z < 1 are dominated by galaxies with redder colors, older stellar populations, early type morphologies, and little star formation, as opposed to the field environments. Many scenarios related to cluster environments have been proposed to explain how the star formation is ceased in clusters, including processes, such as ram-pressure stripping (Gunn & Gott 1972; Dressler & Gunn 1983) , and galaxygalaxy interaction (Mihos & Hernquist 1994 ) that quench star formation over a short timescale, and 'strangulation', referring to the removal of warm and hot gas (Larson et al. 1980; Balogh et al. 2000) , which slowly reduces the cold gas supply. Studying the quenching timescale for cluster galaxies hence provides a powerful way to constrain the physical mechanisms responsible for the star formation quenching.
One of the tools to constrain the quenching timescale is the comparison of the properties of star-forming galaxies between different environments. It is found that star-forming galaxies (hereafter, SF population) form a tight sequence on the SFR and stellar mass plane, the so-called 'main sequence' (Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007; Pannella et al. 2009; Magdis et al. 2010; Lin et al. 2012; Whitaker et al. 2012; Heinis et al. 2014) . It is expected that slow quenching would lead to an overall reduction of the specific star formation rates (sSFRs) of the SF population whereas a fast quenching mainly changes the fraction of quenched population without altering the sSFR of the remaining SF galaxies. Previous studies have suggested that the difference in the star formation activities between the field and the cluster environments is primarily driven by the relative red fraction, instead of the properties of the SF population (Muzzin et al. 2012; Koyama et al. 2013; Lin et al. 2014; Wagner et al. 2017; Jian et al. 2017) . Using Pan-STARRS1 clusters (Lin et al. 2014; Jian et al. 2017) , it is found that the specific star formation rates (sSFRs) of SF galaxies in the clusters are only moderately lower than those the field (< 0.2-0.3 dex) and the difference becomes insignificant on groups scales. However, the uncertainty remains large for high mass galaxies because of the small sample sizes used in these studies, and it is also uncertain that the environmental quenching can extend to low mass galaxies.
In this work, we probe the properties of cluster galaxies using a large sample drawn from the HSC Subaru Strategic Program (hereafter the HSC survey). The HSC survey (Aihara et al. 2017) consists of three survey layers, 'Wide', 'Deep', and 'UltraDeep' components. The cluster sample used in this work comes from the HSC CAMIRA (Cluster finding Algorithm based on Multi-band Identification of Red-sequence gAlaxies) catalog (Oguri el al. 2017) clusters with richness larger than 10 in the redshift range of 0.2 < z < 1.1. This allows us not only to extend the analysis to redshifts greater than 0.8 and to fainter galaxy populations by 2 magnitudes in i, but also to increase the sample size by a factor of 17 compared to our previous works (Lin et al. 2014; Jian et al. 2017 ). There are two other companion papers in this special issue to address the environmental effects but using different catalogs and methods. Koyama et al. (2017) make use of the NB emitter catalogs constructed for HSC-SSP Deep and UltraDeep fields to search for "red emitter" along the large-scale structures at 0.2 < z < 1.7 and identify their environments. Nishizawa et al. (2017) utilize the CAMIRA catalog to study the evolution of cluster profile for red and blue populations out to z < 1.1 and reveal the color-magnitude relation of red-sequence galaxies at the faint end z < 24.
Our paper is formatted as follows. In Section 2, we briefly describe the data, the sample selection, and the analysis method. In Section 3, we present the main results, discussing the main sequence properties, and the redshift and mass dependence of field, group, and cluster galaxy properties. In Section 4, our conclusion and discussion are presented. Throughout this paper we adopt the following cosmology: Throughout this paper we adopt the following cosmology: H0 = 100h km s −1 Mpc −1 , Ωm = 0.3 and ΩΛ = 0.7. We adopt the Hubble constant h = 0.7 when calculating rest-frame magnitudes. All magnitudes are given in the AB system.
Data, Sample Selection, and Method

HSC Galaxy Sample
Hyper Suprime-Cam (HSC) Survey is conducted as part of a 300-night Strategic Survey Program (SSP) over 5 years starting from March of 2014, aiming to explore the nature of dark matter and dark energy as well as the evolution of galaxies. The first public data of HSC-SSP are released recently (Aihara et al. 2017) . The Survey utilizes the wide field of view of 1.77 square degrees of Hyper Suprime-Cam to collect broad-band images in grizy bands as well as to study emission line objects at high redshifts through a number of narrow-band filters (Aihara et al. 2017) . HSC Survey consists of a three-layered imaging, including Wide, Deep, and UltraDeep. The aimed coverage for the Wide survey has 1,400 square degrees of the sky in all the five broad-band filters located around the equator and two large stripes around the spring and autumn equator with an additional stripe around the Hectomap region. The Deep survey is carried out in four separate fields; XMM-LSS, Extended-COSMOS (ECOSMOS), ELAIS-N1 and DEEP2-F3, and the UltraDeep has two fields, COSMOS and SXDS. The detail survey description can be found in Aihara et al. (2017) .
In this study, we make use of the S16A photometric redshift catalog based on the S16A internal data release of the HSC Survey released in 2016 August. The HSC Wide S16A dataset contains imaging data taken between 2014 March and 2016 April in all five broad-bands at full depth and covers ∼ 174 deg 2 . The HSC data is processed by the HSC Pipeline, or hscPipe (Bosch et al. 2017, in prep.) , which is based on the Large Synoptic Survey Telescope pipeline (Ivezic et al. 2008; Axelrod et al. 2010; Jurić et al. 2015) . In addition, the HSC astrometry and photometry are calibrated against the Pan-STARRS1 3π catalog (Tonry et al. 2012; Schlafly et al. 2012; Magnier et al. 2013) . For more detail descriptions, readers are referred to Aihara et al. (2017) .
CAMIRA Groups/Clusters
The group/cluster sample is a product produced by a clusterfinding algorithm CAMIRA (Cluster finding algorithm based on Multi-band Identification of Red sequence gAlaxies) as described in Oguri (2014) . Based on the stellar population synthesis (SPS) model of Bruzual & Charlot (2003) , CAMIRA fits all photometric galaxies for an arbitrary set of bandpass filters and computes likelihoods of being red-sequence galaxies as a function of redshift. To improve the accuracy of the model prediction, additional calibration is done through using a sample of spectroscopic galaxies to derive residual colors of SPS model fitting as a function of wavelength and redshift. The detailed methodology of the CAMIRA algorithm can be found in Oguri (2014) .
In this work, we utilize a new optically selected CAMIRA cluster catalog from the first two years of observation of the HSC Survey, i.e. the HSC Wide S16A CAMIRA catalog (Oguri el al. 2017) , to study galaxies properties in groups and clusters. The sample contains 4972 clusters/groups with richness Nmem > 10 in redshift range of 0.1 < z < 1.1, and is validated through comparisons with spectroscopic and X-ray data as well as mock galaxy catalogs. It is shown in Oguri el al. (2017) that the redshift evolution of the mass threshold is not strong. That is, the constant richness cut roughly corresponds to the constant halo mass cut. Based on the cluster redshifts and the richness Nmem, we bin the clusters into three redshift ranges, 0.2 < z < 0.5, 0.5 < z < 0.8, and 0.8 < z < 1.1, to study their evolution and two richness ranges, 10 < Nmem <25 and Nmem > 25, to explore the "group" and "cluster" environment, respectively. Here Nmem = 10 and 25 correspond to the virial halo mass log10(Mvir/h −1 M⊙) ∼ 13.61 ± 0.13 and 14.19 ± 0.02, based on Equation 40 in Oguri (2014) . Be noted that clusters with richness less than 15 are not included in Oguri el al. (2017) since these less massive clusters (or groups) suffer more contamination.
The photo-z catalog and stellar mass estimation
Photometric redshifts and physical properties of galaxies such as stellar mass and star formation rate are inferred using a photometric redshift code Mizuki (Tanaka 2015) . It is a template fitting code and templates are generated using Bruzual & Charlot (2003) . When deriving stellar masses and star formation rates, the Chabrier initial mass function (IMF) is assumed (Chabrier 2003) . The code applies a set of Bayesian priors on physical properties of galaxies in order to keep the model parameters within realistic ranges. These priors are a function of redshift, which effectively let the templates evolve with redshift. It also applies template error functions to reduce systematic biases in the model templates and also to assign uncertainties to the templates. The code is run using the grizy CModel photometry. The redshift and physical parameters are estimated by marginalizing over all the other parameters. The quoted uncertainties in the physical properties thus include uncertainties in photometric redshifts. Details of the calibration of the codes and the data products are described in the photo-z release paper (Tanaka et al. in prep.) . It is also noted that there is a known bias in stellar mass in Mizuki which is about a factor of 2 larger than the mass in COSMOS at z ∼ 1 (Tanaka 2015).
K-correction, Completeness Limit of Stellar Mass, and Star Formation Rate
Our approach to computing the K-correction follows a similar method described in Willmer et al. (2006) to relate the observed color and magnitude at redshift z to the rest-frame color and magnitude based on empirical templates from Kinney et al. (1996) . The detail description can be found in Willmer et al. (2006) as well as in Lin et al. (2014) . In short, for a given redshift, we perform a polynomial fit between the K-correction term and a pair of adjacent observed color base on Kinney et al. templates , where the K-correction term is chosen to be the observed bandpass closest to the desired rest-frame quantity. Different input redshifts lead to different fitting results or polynomial formulas, and a table of fitting polynomial values can then be constructed and be applied to galaxies depending on their redshift in the range of 0 < z < 1.45. .1] (from the top to the bottom) and in three different environments, including the field (left), groups (middle), and clusters (right), respectively. The color scale in the color-bar is proportional to the number counts in each cell normalized by the cell with the maximum count. The diagonal lines represent the boundaries to separating star-forming and quiescent populations. They are sSFR = 10.1 in 0.2 < z < 0.5, 10. in 0.5 < z < 0.8, and 9.9 in 0.8 < z < 1.1, respectively. The white solid lines with error-bars, estimated using the jack-knife resampling from eight sub-samples, denote the median values of SFRs at different stellar masses. We can qualitatively learn the redshift evolution of galaxies in three distinct environments, and at the same redshift, the differences of galaxy distributions in the SFR-M * space in different environments to see the environmental impact.
The estimation of the stellar mass limit follows the method described in Lin et al. (2014) . We first compute the rest-frame quantities for galaxies at a given redshift based on their 5 limiting magnitudes in the observed HSC bands utilizing the Kcorrection method illustrated previously. Adopting the empirical formula obtained by Lin et al. (2007) , we then convert the rest-frame magnitudes and colors to the corresponding stellar mass. It is known that at a fixed rest-frame magnitudes, the redder color a galaxy, the higher mass. By taking the reddest colors of star-forming and quiescent populations, we derive their corresponding mass limits. In this way, we find that the mass limits log10 (M * /M⊙) are 8.6 (8.2), 9.3 (8.9), 9.7 (9.3) and 10.3 (9.8) for red (blue) galaxies at z ∼ 0.2, 0.5, 0.8, and 1.1, respectively.
We compute the SFR following the approach described in Mostek et al. (2012) . The SFR is parameterized as functions of rest-frame optical B magnitudes MB and (U-B) color and calibrated against SED-fit SFR from UV/optical bands in the All-Wavelength Extended Groth Strip International Survey for both red sequence and blue cloud galaxies in the 0.7 < z < 1.4 redshift range. The calculated SFRs are found to agree well with an L[OII]-MB SFR calibration commonly used in the literature by considering a correction for the measured values MB from DEEP2 galaxies to include a dimming factor of Q = 1.3 magnitudes per unit redshift (Mostek et al. 2012) . In this work, we adopt the fitting formula using the rest-frame optical MB, (U-B), and a second order (U-B) color as fit parameters and the fit coefficients can be found in Table 3 in Mostek et al. (2012) . It is reported in Mostek et al. (2012) that the SFR uncertainties depend on colors of galaxies. Although the method gives more precise SFRs for star-forming galaxies and less accurate SFRs for quiescent ones, it uncovers the SFR of galaxies with a wide range of star formation activities. In this study, the main emphases are the comparisons of star formation rate for starforming galaxies and the quiescent fraction in different environ- (2007) with upper and lower limits (blue dotted lines) are also included for comparisons. The purple, green, and blue arrows denote the mass completeness limit for SF galaxies at z = 0.5, 0.8, and 1.1. Our results, in general, are in agreement with the results from literature.
ments. The larger uncertainty in the SFR estimate for quiescent objects has little impact on our results.
The sSFR, defined as SFR/M * , is used to separate starforming and quiescent populations. In this work, the separating thresholds we apply are log10(sSFR) = -10.1 yr −1 in 0.2 < z < 0.5, -10.0 yr −1 in 0.5 < z < 0.8, and -9.9 yr −1 in 0.8 < z < 1.1.
Method
By construction, the CAMIRA cluster catalog only contains red cluster members. In order to probe the properties of general populations in clusters, we perform the stacking analysis and correct for the background/foreground contaminations. The details of the method are discussed and illustrated in Jian et al. (2017) . In short, the contaminated galaxy properties around the cluster centers during stacking can be statistically removed by subtracting the same galaxy properties of a mean local background, selected either from random positions or from annuluses between r1 and r2, where r1 and r2 are the inner and the outer comoving radii around cluster centers, respectively. For each cluster, we project galaxies around its center onto a plane within a redshift width equal to the photo-z accuracy of the galaxy sample, i.e. |z − z grp | ≤ σ ∆z/(1+zs) , where z, z grp , and σ ∆z/(1+zs) are galaxy, group redshift, and photo-z accuracy, respectively. For galaxies on this projected plane, their redshift is adjusted to the cluster redshift for k-correction. Galaxies within a projection radius rp 1.5 Mpc from the center are considered as the contaminated cluster galaxy sample. The corrected sample can be obtained by subtracting the contaminated cluster galaxy sample with an area-normalized background sample. In this work, we select comoving r1 and r2 to be 8.0 and 10.0 Mpc, respectively.
Results
Main Sequence Properties
The main sequence indicates the tight correlation between galaxy SFR and M * for star-forming (SF) galaxies. In Figure 1 , we show the color-coded number density plots of stacked galaxies for the SFR-M * relation in 3 redshift bins,[0.2,0.5], [0.5,08] and [0.8,1.1] (from the top to the bottom), and in the environment of the field (left), groups (middle), and clusters (right). The diagonal dashed lines separate the star-forming or the main sequence (above) and quiescent galaxies (below) with log10(sSFR) = -10.1 yr −1 in 0.2 < z < 0.5, -10.0 yr −1 in 0.5 < z < 0.8, and -9.9 yr −1 in 0.8 < z < 1.1. The colors are scaled with the number counts in each cell normalized by the cell with the maximum count. The solid white lines with error-bars give the median SFRs of SF galaxies in different redshifts and environments as a function of the stellar mass. The error-bars are estimated from eight sub-samples using the jackknife resampling method. It is seen that the distributions of field galaxies have a distinct appearance from those of group or cluster galaxies. In the field, the presence of star-forming galaxies is so prominent that quiescent galaxies can almost be neglected for all masses. By contrast, in groups or clusters, quiescent galaxies become the dominant ones for mass roughly larger than 10 9.5−10 M⊙. In general, our results are in good agreement with the conclusions from previous studies that the group or cluster environment has a higher red fraction of galaxies than the field environment (Gerke et al. 2007; Giodini et al. 2012 ). In addition, the evolution of field, group, and cluster galaxies can also be seen clearly. Qualitatively, the main sequence of SF field galaxies has lower sSFR as it evolves from high redshift to low redshift. The fraction of the quiescent population in groups and clusters becomes higher with the decreasing redshift, and at the same redshift, the quiescent population in clusters is more prominent than in groups, evident the hosting environmental effect.
To further quantitatively understand our results, the main sequence at different redshift is compared with that from Whitaker et al. (2012) in Figure 2 . The purple, green, and blue solid lines represent the median SFR in three redshift ranges from low to high redshift in our sample, respectively. The three dashed lines plot the fitting lines at median redshifts in our three bins, z med = 0.33, 0.68, and 0.93, using the best-fit parameters from Whitaker et al. (2012) . We adopt the mass conversion factors from Speagle et al. (2014) from Noeske et al. (2007) in 0.2 < z < 0.7. The yellow diamonds with error-bars are the SFRs of SF cluster galaxies in redshift range between 0.15 and 0.8 from Muzzin et al. (2012) , and the black and red triangles represent the SFRs of SF cluster galaxies in 0.15 < z < 0.8 and 0.8 < z < 1.5, respectively. It is seen that the best-fit slopes and magnitudes of the SF main sequence in our sample in three redshift ranges agree well with those in Whitaker et al. (2012) and Noeske et al. (2007) , and are in broad agreement with those from Wagner et al. (2017) . Additionally, we quantify the main sequence by fitting the data with a formula of a power law, i.e.
log10(SFR/M⊙yr
where α and β are the slope and normalization, respectively. In Figure 3 , our best-fit α and β for SF field galaxies in three different redshift ranges are plotted with a selection of literature best-fit parameters from a sample of 25 studies in the redshift range of 0 < z < 6, compiled and calibrated by Speagle et al. (2014) 
Redshift Dependence
sSFR of SF galaxies, sSFRSF(z)
There have been many previous studies to discuss and compare the evolution of the main sequence in different environments (Koyama et al. 2013; Lin et al. 2014; Erfanianfar et al. 2016; Wagner et al. 2017; Jian et al. 2017) . Taking the advan- The median sSFR of SF galaxies as a function of redshift in the field (dotted), groups (dashed), clusters (solid), respectively. Bottom: The logarithmic ratio of sSFR for group to field galaxies (dashed), and for cluster to field galaxies (solid). In addition, the red and cyan circles denote the sSFR of SF galaxies in the field from Alberts et al. (2014) for M * > 1.3 × 10 10 M⊙ and in clusters from Wagner et al. (2017) for M * > 10 10.1 M⊙, respectively. The yellow shade region gives the boundaries of the infrared Main Sequence as defined in Elbaz et al. (2011) . In the upper left panel, the data points in the redshift range of 0.8 < z < 1.1 for the mass bin 9.5-9.75 are removed due to the mass incompleteness. The trend that the sSFR decreases with the decreasing redshift and the decreasing level for the same redshift range in our results are in good agreement with other works although a systematics is seen.
tage of the large and deep HSC sample, we are able to explore the same subject with better statistics and low mass galaxies. In Figure 4 , the median sSFRs of the star-forming galaxies in field (dotted lines), group (dashed lines), and cluster (solid line) environments on the top, and the sSFR ratio of group to field galaxies (dashed lines) and that of cluster to field galaxies (solid lines) on the bottom are plotted as a function of redshift in different mass ranges separated in four panels. The yellow shaded region denotes the infrared main sequence as defined in Elbaz et al. (2011) , and is in the range of 13(13.8 Gyr -t ) −2.2 < sSFR < 52(13.8 Gyr -t ) −2.2 , where t is the look-back time.
The red data circles mark the sSFR of the star-forming galaxies in the field from Alberts et al. (2014) with stellar mass limit M > 1.3 × 10 10 M⊙. Four cyan circles with error-bars are from Wagner et al. (2017) for SF cluster galaxies with mass larger than log10(M * /M⊙) = 10.1. From Figure 4 , our results show good consistency with that in Elbaz et al. (2011) and slightly shallower at low z than that in Alberts et al. (2014) . It is seen that the decrease of the sSFR of the SF main sequence for field galaxies is ∼ 0.45 dex from z = 1.1 to 0.2 for all mass bins, possibly due to a global decline in the gas contents. At fixed masses, the decrease level is very similar to cluster and group galaxies between the same redshift range but a systematics is seen < 0.4 dex for clusters and < 0.2 dex for groups. That is, the decrease of sSFRs for the group to field galaxies and for the cluster to field ones is independent of redshift. However, the decrease appears to depend on stellar mass, being larger for less massive galaxies. Our results are in agreement with those in Koyama et al. (2013) that the difference in the SFR-M * relation between cluster and field SF galaxies is ∼ 0.2 dex since z ∼ 2. Figure 4 , the data points in the high redshift bin for the mass bin 9.25-9.5 are removed due to the mass incompleteness. The Butcher-Oemler effect (Butcher & Oemler 1984) is clearly seen but with a mass dependence. The effect is stronger for less massive galaxies and less for massive galaxies. For comparisons, we also add the fq results from Wagner et al. (2017) (cyan circles) with M * > 10 10.1 M⊙ in the upper right panel. It is seen that our result is in agreement with that from Wagner et al. (2017) .
Quiescent Fraction, fq(z)
Under the stellar mass control, the redshift dependence of the quiescent fractions (fq )for field (dotted lines), group (dashed lines), and cluster (solid lines) galaxies is explored in Figure 5 . For comparison, the results from Wagner et al. (2017) (cyan circles) with M * > 10 10.1 M⊙ are also plotted in Figure 5 .
Globally, the fq increases with decreasing redshift, consistent with the Butcher-Oemler effect (Butcher & Oemler 1984) . However, depending on the galaxy masses, their effect can be significantly different. For high-mass galaxies, the ButcherOemler effect is weak and nearly negligible. On the other hand, the effect is stronger for low-mass ones, consistent with results in Li et al. (2012) . For low-mass galaxies, the increase of fq is about 3 times larger from high z ∼ 0.95 to low z ∼ 0.35. In addition, the cluster downsizing effect that clusters with larger halo mass show greater quiescent fraction is also evident in our sample. Our redshift evolution trend is similar to that in Wagner et al. (2017) , and the fq derived for our sample in log10(M * /M odot ) = 10.2-10.5 (the blue solid line in upper right panel) appears to also be consistent with those in Wagner et al. (2017) .
Quenching Efficiency, ε(z)
We also compute the environmental quenching efficiency, ε envi = (f cluster
, similar to the definition in (Peng et al. 2010) , as a function of redshift in different mass bins to quantify the excess of quenching due to pure environmental effects in Figure 6 . In general, the quenching efficiency increases with the decreasing redshift, and also increases with the increasing mass at fixed redshift. However, the slope of the quenching efficiency decreases with the increasing masses, implying that the quenching effect is stronger for less mas- Figure 4 and 5, the quenching efficiency ε is plotted as a function of redshift for different mass ranges in four panels for field (dotted), group (dashed), and cluster (solid) galaxies, respectively. In general, the slope of the quenching efficiency decreases with the increasing masses, implying that the quenching effect is stronger for less massive galaxies.
sive galaxies. The redshift dependence becomes weaker for the high-mass galaxies, likely due to being red and dead already for most of the massive galaxies at high redshifts. In addition, it is seen that the environmental quenching in clusters is larger than that in groups, indicating that the hosting environment has a significant effect on the star formation quenching.
Stellar Mass Dependence
3.3.1 sSRF of SF galaxies, sSFRSF(M * )
In Figure 7 , the sSFRs of SF galaxies are plotted as a function of the stellar mass M * in different hosting environments and redshift ranges. In the upper left panel, the median sSFR of SF field galaxies is shown in redshift range of 0.2 < z < 0.5 (dashed line), 0.5 < z < 0.8 (solid one), and 0.8 < z < 1.1 (dotted line) for comparisons, respectively. For the other three panels on top-right, bottom-left, and bottom-right, the sSFRs of SF field (black pluses), group (blue squares), cluster (green circles) galaxies are plotted on the top while the logarithmic ratio of sSFR for SF group to field galaxies (blue squares) and that for SF cluster to field ones (green circles) are displayed on the bottom. Additionally, the red pluses, squares, and circles denote the sSFR of SF field, group, and cluster galaxies in 0.5 < z < 0.8 from Lin et al. (2014) , respectively. The cyan circles are the sSFRs of SF cluster galaxies in 0.15 < z < 0.8 and in 0.8 < z < 1.5 from Wagner et al. (2017) , and the purple pluses and circles are those of SF field and cluster galaxies in 0.85 < z < 1.2 from Muzzin et al. (2012) .
In general, the median sSFR of group or cluster galaxies decreases from that of field ones, implying a slow quenching effect acting in dense environments. We found that there is a weak dependence on the stellar mass of the sSFR deficit relative to the field, which is < 0.2 dex in groups and < 0.4 dex in clusters. The larger deficit seen in cluster galaxies as opposed to group Figure 4 , but the sSFRs of SF galaxies are shown as a function of stellar mass. In the upper left panel, the sSFR of SF field galaxies in redshift range of 0.2 < z < 0.5, 0.5 < z < 0.8, and 0.8 < z < 1.1 is represented by the dashed, solid, and dotted line, respectively. The other three panels plot the sSFRs of SF field (black pluses), group (blue squares), and cluster (green circles) galaxies on the top, and the logarithmic ratio of sSFR for group to field galaxies (blue squares), and for cluster to field galaxies (green circles) on the bottom. For comparisons, we also include the sSFR results from Lin et al. (2014) in the redshift range of 0.5 < z < 0.8 for SF field (red pluses), group (red squares), and cluster (red circles) galaxies. In addition, the sSFR results are added as well from Muzzin et al. (2012) for SF field (purple pluses) and cluster (purple circles) galaxies in redshift range of 0.85 < z < 1.2, and from Wagner et al. (2017) for SF cluster galaxies (cyan circles) in redshift range of 0.15 < z < 0.8 (bottom left) and 0.8 < z < 1.5 (bottom right).
galaxies suggests a stronger environmental quenching effect in clusters than in groups. It is worth noting that the decreases are slightly larger from what was found in Lin et al. (2014) , who found no significant sSFR reduction of SF galaxies in the groups and ∼ 17 % (0.23 dex) sSFR decrease for the SF galaxies in the clusters relative to the field galaxies. However, we note that the halo mass binning is 10 13.6−14.2 M⊙ for groups and 10 >14.2 M⊙ for clusters in this work while it is 10
13.4−14.0 M⊙ for groups and 10 >14.0 M⊙ for clusters in Lin et al. (2014) .
The larger sSFR offset seen in this work may be attributed to the greater masses of the groups and clusters probed in our analysis, since larger sSFR reduction is expected in more massive clusters. In addition, less massive groups normally suffer from the more serious foreground and background contaminations and the real group signals can be easily smeared out, leading to the less sSFR reduction. In the high redshift (bottom-right) panel, although there seems to have a systematic between our results and the results from Muzzin et al. (2012) and Wagner et al. (2017) for the absolute sSFR values, the decreasing trend of the sSFR with the increasing mass in our sample agrees well with them. Besides, it is noticed that our results for the sSFR reductions are in broad agreement with those from Muzzin et al. (2012) .
Quiescent Fraction, fq(M * )
The quiescent fraction (fq) is investigated as a function of M * in Figure 8 . Similar to Figure 7 , the upper-left panel shows the fq for field galaxies in three redshift ranges, and the other three In upper left panel, the fqs are plotted for field galaxies in three redshift bins while the other three panels show the fqs of field (black pluses), group (blue squares), and cluster (green circles) galaxies in redshift range of 0.2 < z < 0.5 (upper right), 0.5 < z < 0.8 (bottom left), and 0.8 < z < 1.1(bottom right). The red pluses, squares, and circles denote the fqs for field, group, and cluster galaxies, respectively, from Lin et al. (2014) in redshift range of 0.5 < z < 0.8. The cyan circles are data points from Wagner et al. (2017) for cluster galaxies in redshift range of 0.15 < z < 0.41 (upper right), 0.41 < z < 0.8 (bottom left) and 0.8 < z < 1.5 (bottom right). The purple pluses and circles represent the fqs for field and cluster galaxies, respectively, from Muzzin et al. (2012) in redshift range of 0.85 < z < 1.2.
panels give the comparisons of fq for the field, group, and cluster galaxies in one redshift range per one panel. Results of fq are included for comparisons from Muzzin et al. (2012) for field and cluster galaxies in redshift range of 0.85 < z < 1.2, from Lin et al. (2014) for field, group, and cluster galaxies in 0.5 < z < 0.8, and from Wagner et al. (2017) for cluster galaxies in 0.15 < z < 0.41, 0.41 < z < 0.8, and 0.8 < z < 1.5. It is seen that the quiescent fraction depends strongly on mass and less strongly on redshift and the hosting environment. At high redshifts, the fq difference at fixed mass between group and cluster galaxies is small and gradually becomes larger with the decreasing redshift, indicating that the environmental quenching effect has a redshift dependence. In addition, the typical downsizing effect in which less massive galaxies are more star-forming continues down to ∼ 10 9 M⊙. Moreover, at low mass, it is found that the red sequence is still visible in groups or clusters with respective to the field, implying that the environmental quenching can still effectively stop star-formation for low mass galaxies. It is noticed that the fq in this work is higher compared to those from Lin et al. (2014) and Wagner et al. (2017) . Besides the greater cluster masses used in this work (see the discussion in the previous section 3.3.1), it is also likely that the CAMIRA cluster finding is based on the red sequence method and preferentially select clusters with high fq. In the high redshift range, our fqs broadly agree with those from Muzzin et al. (2012) . However, lower fqs are found in Wagner et al. (2017) , likely due to the fact that their sample includes galaxies up to z ∼1.5. Figure 7 and 8, the εs of field galaxies in three redshift bins are shown in the upper left panel while the other three panels plot the εs of field (black pluses), group (blue squares), and cluster galaxies (green circles) in three redshift ranges, respectively. It is clearly seen that the transition masses from the dominance of the environment quenching to that of the mass quenching are log10(M * /M⊙) ∼ 10.4 in groups and ∼ 10.6 in clusters.
Quenching Efficiency, ε(M * )
The environmental quenching efficiency is schemed as a function of stellar mass in Figure 9 in order to better quantify the excess of quenching due to pure environmental effects. The panel arrangement is similar to that in Figure 7 and 8. In the upper-left panel, the quenching efficiency from field galaxies, or the mass quenching efficiency assuming that field galaxies are purely quenched by their masses, are displayed in three redshift ranges. The other three panels present the comparisons among the field, group, and cluster galaxies per redshift bin. It is clearly seen that both the mass and environmental quenching increases with increasing stellar mass. However, high mass galaxies are dominated by the mass quenching while low mass galaxies are quenched primarily due to the environmental quenching. The transition mass where the dominance of the mass and environmental quenching switches is recognized at log10(M * /M⊙) ∼ 10.4 in groups and 10.6 in clusters in the lowest redshift range of 0.2 < z < 0.5, in good agreement with the results from Lin et al. (2014) . This implies that the environmental quenching in clusters is more prominent than that in groups since it can quench more massive galaxies than in groups.
Conclusion and Discussion
In this work, we probe galaxies down to i ∼ 26, two magnitudes deeper than that in our previous works (Lin et al. 2014; Jian et al. 2017) , and extend our results to redshift 1.1, enabling us to study the cosmic evolution of the star formation activity. Due to the exceptional deep depth of our sample, the stellar mass completeness limit can be pushed to log10(M * /M⊙) = 9.8 and 10.3 at z ∼ 1.1 for star-forming and quiescent galaxies, respectively. That is, we are able to explore the quenching status of lower-mass star-forming galaxies which have not explored in our previous works. Additionally, the HSC Wide 16A data are collected from a survey area ∼ 174 square degree to offer good statistics even for galaxies at the high-mass end. In other words, we can constrain the results on high mass galaxies more robustly as opposed to previous studies. The main results can be summarized below:
1. The sSFR of star-forming galaxies decreases with cosmic time, regardless the environments. The sSFR is lower in groups and clusters than in the field by ∼0.1 dex and ∼0.2-0.3 dex, respectively. The drop of sSFR in group/cluster environments is insensitive to the redshift and is more significant for low mass galaxies.
2. The quiescent fraction is a strong function of stellar mass in all environments, being greater for higher mass galaxies. The Butcher-Oemler effects are seen in all environments and are more prominent for low mass galaxies.
3. Both the environment and stellar mass quenching efficiencies increase with the stellar mass. However, the environment quenching dominates over the stellar mass quenching for low mass galaxies.
At a fixed stellar mass, we find that the decrease in the sSFR of star-forming group or cluster galaxies to field ones is 0.1-0.3 dex and is more prominent in cluster environments. This implies that galaxies in clusters likely experience a long timescale (or slow) quenching effect that gradually reduces the SFR of star-forming galaxies. Although the gas contents and hence the star formation rate of galaxies vary with redshifts, we find that the offsets in the sSFR in groups/clusters, as opposed to the field, are comparable at different redshifts, in agreement with the results found by Koyama et al. (2013) . This implies that the slow quenching mechanism acting on groups/clusters is likely universal in the redshift range of 0.2 < z < 1.1.
In addition, it is found in this work that the transition masses from environment quenching to the mass quenching are 10 10.4
M⊙ and 10
10.6 M⊙ in groups and clusters, respectively, in the lowest redshift bin of 0.2 < z < 0.5, in good agreement with the results from Lin et al. (2014) . The greater transition mass in clusters suggests that the environment effects are more important in clusters than in groups and have an effect even for massive galaxies. It is also noticed that the red fraction for the most massive galaxies is comparable between the field and group/cluster environments. This suggests that the star formation of those massive galaxies beyond the transition mass are likely already stopped and being red and dead before they enter the cluster-like environments. Conversely, the environmental quenching dominates the mass quenching in low mass galaxies below the transition mass in groups or clusters down to the mass completeness limit of 10 8.6 M⊙ at z ∼ 0.2, and the environmental quenching effect in clusters is stronger than that in groups. At this low mass regime, the red sequence is still visible in groups or clusters with respective to the field, suggesting that the environmental quenching can still effectively stop starformation for low mass galaxies. Koyama et al. (2017) recently present their results discussing the environmental dependence of color, stellar mass, and sSFR of Hα-selected galaxies in twin clusters in the DEEP2-3 field at z = 0.4. One import finding in their work is that H-selected galaxies reveal color-density or color-radius correlations, but their stellar masses or sSFRs are independent of environments. The conclusion appears to be inconsistent with our result that there is a systematical reduction of sSFR for SF galaxies in groups or clusters by 0.1 -0.3 dex with respect to those in the field. As discussed in Koyama et al. (2017) , there are various factors that may contribute to this discrepancy. It is likely due to different definitions for SF galaxies in our and their sample. Our SF galaxies are determined by their sSFRs while SF galaxies are detected as Hα galaxies in Koyama et al. (2017) . In addition, it is indicated that the treatment of dust extinction or NII line contamination could easily change the results by >10-20% level, which can significantly ease the inconsistency between us. Finally, it is also possible that the sample size of Hα emitters in Koyama et al. (2017) is much smaller than that of our sample, which covers whole HSC S16A Wide survey area, and poor statistics (particularly in a high-density environment) may lead to the disagreement in conclusions.
